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Introduction {#sec1}
============

Circadian rhythms are approximately 24-hr, cell-autonomous biological rhythms observed in virtually all living organisms. The mammalian circadian pacemaker resides in the hypothalamic suprachiasmatic nuclei (SCN). Daily physiological and behavioral activity patterns are regulated by the SCN, which is synchronized to ambient light/dark (LD) cycles via direct connections from retinal ganglion cells in the retina. Thus, circadian photoentrainment enables organisms to enhance their fitness by anticipating daily changes in food availability and predator activity. Melanopsin (Opn4) and classical rod-cone photoreceptive systems are widely believed to provide all photic input required for circadian photoentrainment ([@bib6], [@bib12]), and a potential role for other photopigments has not been addressed. Opn5 is a deep brain photopigment that regulates seasonal reproduction in birds ([@bib10], [@bib11], [@bib20]). In mammals, Opn5 is expressed in selected retinal ganglion cells and exhibits an absorption maximum in the UVA range (λ~max~ = 380 nm) ([@bib7], [@bib21]). Although mammalian Opn5 has been demonstrated to be involved in the photoentrainment of local circadian clocks in the retina and the cornea, its involvement in photoentrainment of the SCN remains unclear ([@bib3]).

Results and Discussion {#sec2}
======================

Generation of Mice Deficient in Opn5 and Classical Rod-Cone Photoreceptors {#sec2.1}
--------------------------------------------------------------------------

To assess the physiological function of mammalian Opn5 *in vivo*, we generated *Opn5*-null (*Opn5*^*−/−*^) mice ([Figures 1](#fig1){ref-type="fig"}A--1D). Since mice also possess a UVA-sensitive cone opsin (Opn1sw; λ~max~ = 360 nm), we generated mice deficient in Opn5 and classical rod-cone photoreceptors (*Opn5*^*−/−*^*; rd1/rd1*) by breeding *Opn5*-null mice with CBA/J mice harboring the retinal degeneration (*rd1*) mutation. Because the genetic background of *Opn5*-null mice was C57BL/6J, F2 hybrids of the parental strains were used to minimize the effect of genetic background, as suggested by the Jackson Laboratory. To examine the effects of *Opn5* deficiency and the *rd1* mutation on retinal morphology, we performed immunohistochemistry and analyzed the expression of different opsins. Information about the antibodies used is given in [Table S1](#mmc1){ref-type="supplementary-material"}. The retina of *Opn5*-null mice was indistinguishable from that of wild-type (WT) mice, and immunopositive signals for rod (Rho) and cone (Opn1sw; Opn1mw) opsins and melanopsin (Opn4) were observed ([Figure 1](#fig1){ref-type="fig"}E). By contrast, although the *rd1* mutation caused severe retinal degeneration and abolished the rod-cone photoreceptor layer, the retinal ganglion cell layer was intact and melanopsin expression was clearly observed in both *rd1/rd1* and *Opn5*^*−/−*^*; rd1/rd1* mutants ([Figure 1](#fig1){ref-type="fig"}E). Note that we have generated several antibodies against Opn5, but none of them were specific; therefore, we were unable to examine the expression of Opn5 in the different mutant mice.Figure 1Generation of *Opn5*^*−/−*^ Mice, and Histological Analysis of the Retina(A) Physical map of the wild-type *Opn5* locus, targeting construct, targeted allele before Cre-mediated recombination, and disrupted *Opn5* locus. The targeting vector was designed to excise a part of *Opn5* exon 1 and insert *EGFP* in-frame with the start codon of *Opn5*, followed by an SV40 poly(A) tail. The SV40 poly(A) tail halts the transcription of the full-length *Opn5* transcript, resulting in *Opn5* deficiency. The 5′ and -3′ probes used for screening targeted embryonic stem (ES) clones and mouse genotypes are represented by the black bars. PCR primers used for mouse genotyping (p1--3) are shown as arrowheads. E, *Eco*RV; *Neo*, neomycin resistance gene; *DTA*, diphtheria toxin.(B) Southern blot analysis of genomic DNA from *Opn5*^*+/+*^, *Opn5*^*+/−*^, and *Opn5*^*−/−*^ mice, hybridized with indicated probes. If homologous recombination was successful, the fragment corresponding to the wild-type *Opn5* allele (11 kb) is replaced by a smaller fragment representing the recombined mutant allele (7.9 or 4.1 kb).(C) PCR genotyping of genomic DNA. Amplicons corresponding to the wild-type (191 bp) and targeted allele (251 bp) are indicated.(D) Absence of *Opn5* mRNA in the retina was confirmed by RT-PCR.(E) Immunohistochemistry of photopigments in the retina of WT, *Opn5*^*−/−*^, *rd1/rd1,* and *Opn5*^*−/−*^*; rd1/rd1* mice, respectively. Arrows indicate immunopositive signals. RPE, retinal pigment epithelium; PRL, photoreceptor layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar: 50 μm.See also [Figure S1](#mmc1){ref-type="supplementary-material"}A and [Table S1](#mmc1){ref-type="supplementary-material"}.

Impaired Re-Entrainment to UVA-LD Cycles in *Opn5*-Null Mice {#sec2.2}
------------------------------------------------------------

We then compared photoentrainment to UVA-LD cycles in WT mice, *Opn5*^*−/−*^ and *rd1/rd1* single mutant mice, and *Opn5*^*−/−*^*; rd1/rd1* double mutant mice. Absorption spectra of the retinal photopigments present in these mice are illustrated in [Figure S1](#mmc1){ref-type="supplementary-material"}A. Mice were initially kept under white-LD cycles and then transferred to UVA-LD cycles (λ~p~ = 365 nm, [Figure S1](#mmc1){ref-type="supplementary-material"}B); wheel-running activity was recorded to measure entrainment ([Figure 2](#fig2){ref-type="fig"}A). The intensity of the UVA light was decreased every 2--10 weeks, concomitant with a 2-hr advance of the LD cycle, as described previously ([@bib4]). Entrainment to the advanced UVA-LD cycles was determined by a transient interval of a free-running rhythm with a period shorter than 24 hr, which was then followed by a 24-hr rhythm with a stable phase angle of entrainment.Figure 2Impaired Circadian Photoentrainment to UVA-LD Cycles in *Opn5*^*−/−*^, *rd1/rd1,* and *Opn5*^*−/−*^*; rd1/rd1* Mice(A) Representative double-plotted actograms of WT, *Opn5*^*−/−*^, *rd1/rd1,* and *Opn5*^*−/−*^*; rd1/rd1* mice. The vertical and horizontal axes indicate the number of recorded days and the time of day over 2 days, respectively. Yellow and purple represent white and UVA light, respectively. The log photon flux of UVA light (log photons cm^−2^ s^−1^) is indicated on the right.(B) Days required for re-entrainment to a new LD cycle. \*, WT versus *Opn5*^*−/−*^*; rd1/rd1*. ^§^, WT versus *Opn5*^*−/−*^. ^†^, *rd1/rd1* versus *Opn5*^*−/−*^*; rd1/rd1*. Values represent the mean ± SEM. Single symbol, p \< 0.05; double symbol, p \< 0.01 (one-way ANOVA followed by Scheffé's post-hoc test; n = 4--13).(C) Percentage of animals entrained at each step. To calculate the half-maximal intensity (I~50~), a three-parameter logistic function (sigmoidal dose-response) was fitted to intensity-response relationships using GraphPad Prism.(D) I~50~ for the entrainment of each genotype.See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

Double mutant mice (*Opn5*^*−/−*^*; rd1/rd1*) required more days for re-entrainment to new UVA-LD cycles than WT mice ([Figure 2](#fig2){ref-type="fig"}B), whereas the single mutants (*Opn5*^*−/−*^ and *rd1/rd1*) exhibited intermediate phenotypes ([Figure 2](#fig2){ref-type="fig"}B) (e.g., WT: ∼12 days, *rd1/rd1*: ∼20 days, *Opn5*^*−/−*^: ∼23 days, *Opn5*^*−/−*^*; rd1/rd1*: ∼30 days at a log photon flux of 12.7). Half-maximal intensities (I~50~) for entrainment were higher for single and double mutant mice than for WT mice ([Figures 2](#fig2){ref-type="fig"}C and 2D). Although differences in the free-running period can affect the duration and light intensity required for re-entrainment, the free-running period of all 4 genotypes did not differ significantly ([Figure S2](#mmc1){ref-type="supplementary-material"}). Together, these results demonstrated that *Opn5*^*−/−*^ and *rd1/rd1* mice exhibit significantly slower rates of re-entrainment to UVA-LD cycles than WT mice.

Although *Opn5*^*−/−*^*; rd1/rd1* mice exhibited severe impairment in circadian photoentrainment, they were able to entrain to the higher intensity UVA-LD cycles, suggesting the involvement of additional photopigments. In the *rd1/rd1* retina, most rods degenerate rapidly (within the first week after birth) and all rods disappear completely by about 7 weeks of age. By contrast, cones degenerate much more slowly, with some surviving for at least 18 months ([@bib5]). The involvement of UVA-sensitive cones in circadian photoentrainment is well established ([@bib19], [@bib23]). Therefore, it is possible that the remaining UVA-sensitive cone opsins and/or melanopsin may mediate UVA-dependent circadian photoentrainment in *Opn5*^−/−^; *rd1/rd1* mice.

Impaired Phase Shifting and *Fos* Induction to UVA Light Pulses in *Opn5*-Null Mice {#sec2.3}
-----------------------------------------------------------------------------------

To further evaluate the ability of *Opn5*-null mice to respond to light for circadian functions, we examined the effect of phase-shifting light pulses under constant darkness ([Figure 3](#fig3){ref-type="fig"}). A single 15-min light pulse was given 4 hr after activity onset (i.e., circadian time 16). Retinal degenerate (*rd1/rd1*) mice showed decreased phase shifts to both UVA and orange light pulses (λ~p~ = 602 nm, [Figure S1](#mmc1){ref-type="supplementary-material"}B) compared with WT mice ([Figures 3](#fig3){ref-type="fig"}A--3D). This is most likely due to the loss of classical photoreceptors, whose contribution to irradiance encoding and regulation of circadian rhythms is well known ([@bib1], [@bib9], [@bib18], [@bib19], [@bib22], [@bib23]). Although *Opn5*^*−/−*^ mice showed impaired phase shifting to UVA light pulses ([Figures 3](#fig3){ref-type="fig"}A and 3C), they showed normal phase shifting to orange light pulses ([Figures 3](#fig3){ref-type="fig"}B and 3D), indicating that impaired photoresponses observed in *Opn5*^*−/−*^ mice are UVA light specific.Figure 3Impaired Phase Shifting and *Fos* Induction to a UVA Light Pulse in *Opn5*^*−/−*^, *rd1/rd1,* and *Opn5*^*−/−*^*; rd1/rd1* Mice(A and B) Effects of a single 15-min UVA light pulse (purple filled circles, λ~p~ = 365 nm, 12.3 log photons cm^−2^ s^−1^) (A) and orange-light pulse (orange filled circles, λ~p~ = 602 nm, 13.7 log photons cm^−2^ s^−1^) (B) on wheel-running activity rhythms. Representative double-plotted actograms of each genotype are shown. Eye-fitted lines were drawn using activity onset as a reference point.(C and D) Irradiance-response relationship of circadian phase shifts by UVA (C) and orange-light (D) pulses. The magnitude of the phase shift was determined by eye-fitted lines as shown in (A) and (B). \*, WT versus *Opn5*^*−/−*^*; rd1/rd1*. ^§^, WT versus *Opn5*^*−/−*^. Values represent the mean ± SEM. Single symbol, p \< 0.05; double symbols, p \< 0.01 (one-way ANOVA followed by Scheffé's post-hoc test; n = 5--9).(E) Densitometric quantification of *Fos* mRNA expression in the SCN induced by a single UVA light pulse at the intensity indicated by the black arrow in (C) (12.3 log photons cm^−2^ s^−1^ for 15-min). Values represent the mean ± SEM. p \< 0.05 (one-way ANOVA followed by Scheffé's post-hoc test; n = 4--5). Representative autoradiograms are shown at the top.See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

We also examined the induction of neuronal activation marker, *Fos* mRNA, in the SCN by UVA light (single 15-min pulse at a log photon flux of 12.3 cm^−2^ s^−1^). These results showed that UVA-dependent *Fos* induction was significantly decreased in *Opn5*^*−/−*^ and *rd1/rd1* single mutant mice, as well as in *Opn5*^*−/−*^*; rd1/rd1* double mutants ([Figure 3](#fig3){ref-type="fig"}E). However, the phenotype was much more severe in double mutant mice (*Opn5*^*−/−*^*; rd1/rd1*) than in the single mutants (*Opn5*^*−/−*^ and *rd1/rd1*) and correlates well with our phase shifting results in [Figure 3](#fig3){ref-type="fig"}C. All together, these results demonstrated that *Opn5*^*−/−*^ mice have decreased photosensitivity to UVA light.

*Opn4*^*−/−*^*; Gnat1*^*−/−*^*; Gnat2*^*−/−*^ Mice Lack the Ability to Photoentrain to UVA-LD Cycles {#sec2.4}
----------------------------------------------------------------------------------------------------

Previous studies have shown that mice deficient in melanopsin and rod-cone photoreceptors (e.g., *Opn4*^*−/−*^*; rd1/rd1* double mutant mice and *Opn4*^*−/−*^*; Gnat1*^*−/−*^*; Cnga3*^*−/−*^ \[melanopsin; guanine nucleotide-binding protein α transducin 1; cyclic nucleotide-gated channel α3, respectively\] triple-knockout \[TKO\] mice) failed to entrain to white-LD cycles; therefore, melanopsin and classical rod-cone photoreceptive systems are widely believed to account for all photic input required for circadian photoentrainment ([@bib6], [@bib12]). However, these studies used relatively dim white light (100--800 lx) ([@bib6], [@bib12]). The illuminance under direct sunlight is approximately 100,000 lx, whereas that of sunrise or sunset on a clear day is approximately 400 lx. Thus, it is possible that the illuminance (i.e., 100--800 lx) and/or wavelengths (i.e., white light but not UVA light) used in these previous studies were not sufficient to stimulate Opn5. We therefore examined circadian photoentrainment to UVA-LD cycles in *Opn4*^*−/−*^*; Gnat1*^*−/−*^*; Gnat2*^*−/−*^ TKO mice (Gnat1/2: guanine nucleotide-binding protein α transducin 1/2), which have mutations in all known circadian photoreceptor pathways ([Figure S1](#mmc1){ref-type="supplementary-material"}A). WT and TKO mice were initially kept under white-LD cycles and then transferred to UVA-LD cycles. The intensity of UVA light was adjusted every 3--7 weeks. WT mice could entrain to white- and UVA-LD cycles, except at very low intensities of UVA light (log photon flux of 8.5--9.5 cm^−2^ s^−1^); however, TKO mice failed to entrain to LD cycles of white light and all intensities of UVA light ([Figure 4](#fig4){ref-type="fig"}). Although 2 of 6 TKO mice (\#1 and \#2) showed free-running periods close to 24 hr, they failed to entrain to advanced UVA-LD cycles ([Figure 4](#fig4){ref-type="fig"}). These results demonstrated that the UVA-sensitive photopigment Opn5 alone is not sufficient for photoentrainment of the circadian pacemaker.Figure 4Photoentrainment Analysis of *Opn4*^*−/−*^*; Gnat1*^*−/−*^*; Gnat2*^*−/−*^ MiceRepresentative double-plotted actograms of WT and *Opn4*^*−/−*^*; Gnat1*^*−/−*^*; Gnat2*^*−/−*^ TKO mice. The vertical and horizontal axes indicate the number of recorded days and the time of day over 2 days, respectively. Yellow, purple, and black bars on the right indicate different lighting conditions: white-LD cycles, UVA-LD cycles, and constant darkness (DD), respectively. The log photon flux of UVA light (log photons cm^−2^ s^−1^) is also marked on the right. The timing of different LD cycles is illustrated at the top, and the assigned letter (a--d) for each LD cycle corresponds to the letter shown on the right. The red lines indicate when lighting conditions were changed. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

Conclusions {#sec2.5}
-----------

In the present study, we demonstrated impaired photoentrainment to UVA light in *Opn5*-null mice. However, *Opn4*^*−/−*^*; Gnat1*^*−/−*^*; Gnat2*^*−/−*^ TKO mice that lack melanopsin and functional rod-cone photoreceptors, but still possess Opn5, failed to photoentrain to LD cycles of both white and UVA light. This means that Opn5 is required for maximum UVA sensitivity, but it alone is not sufficient for entrainment to UVA-LD cycles. Although it is possible that Gnat1 and/or Gnat2 are involved in the phototransduction of Opn5, this seems unlikely, since they are thought to be expressed in different cell types, with Opn5 being expressed in retinal ganglion cells and Gnat1/2 in rod and cone photoreceptors, respectively ([@bib3]). The mammalian retina itself has a local circadian clock ([@bib2], [@bib17]), which is photoentrainable *in vivo* and *ex vivo* and does not require the SCN. Photoentrainment of the retinal clock is mediated by Opn5 and not by melanopsin or rod-cone photoreceptors ([@bib3]). Thus, the retinal circadian clock is likely to be disrupted in *Opn5*^*−/−*^ mice. Many retinal functions are known to be under the control of the circadian clock. For example, photoreceptors undergo daily cycles of renewal and shedding of outer segment disc membranes, which are fundamental for the maintenance of photoreceptor health ([@bib8]). Rod and cones are anatomically coupled by gap junctions, and the retinal circadian clock controls the extent and strength of rod-cone electrical coupling, leading to changes in retinal sensitivity between the daytime and nighttime ([@bib14]). Furthermore, disruption of the retinal circadian clock has been demonstrated to result in abnormal retinal transcriptional responses to light and defective inner retinal electrical responses to light ([@bib16]). It is therefore plausible that the impaired photoentrainment we observed in *Opn5*-null mice is caused by disruption of the retinal circadian clock.

Although Opn5 is expressed in retinal ganglion cells, it alone is not sufficient for photoentrainment of the circadian pacemaker in the SCN. However, remarkably, Opn5 still contributes to circadian light responses even in the presence of functional rods, cones, and melanopsin light responses.

Limitations of the Study {#sec2.6}
------------------------

Our study focused primarily on behavioral analysis of circadian locomotor activity of various mutant mice (except [Figures 1](#fig1){ref-type="fig"} and [3](#fig3){ref-type="fig"}E). Therefore, we do not fully understand the underlying mechanism of impaired photoentrainment and phase shifting in Opn5-null mice. Further molecular analysis of the retina of Opn5-null mice might be required in future studies to characterize this mechanism.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods, Figures S1 and S2, and Table S1

We thank Dr. Kathy Tamai for comments on the manuscript, Mr. Kousuke Okimura for technical support, Dr. Willem J. DeGrip for the Rho antibody, and Dr. Keisuke Ikegami for helpful discussions. We also thank the Nagoya University Radioisotope Center for use of their facilities. This work was supported by the Funding Program for Next Generation World Leading Researchers (NEXT Program) initiated by the Council for Science and Technology Policy (CSTP) (LS055), JSPS KAKENHI "Grant-in-Aid for Specially Promoted Research" (Grant Number 26000013), Human Frontier Science Program (RGP0030/2015), Grant-in-Aid for JSPS Fellows (14J03915), and Program for Leading Graduate Schools "Integrative Graduate Education and Research in Green Natural Sciences (IGER)," MEXT, Japan. WPI-ITbM is supported by World Premier International Research Center Initiative (WPI), MEXT, Japan.

Author Contributions {#sec4}
====================

T.Y. conceived and directed the work; W.O. and Y.N. performed research; S.H. provided new materials; W.O. and T.Y. analyzed data; all authors discussed the results and commented on the manuscript; W.O. and T.Y. wrote the paper.

Declaration of Interests {#sec5}
========================

The authors declare no competing interests.

Supplemental Information includes Transparent Methods, two figures, and one table and can be found with this article online at [https://doi.org/10.1016/j.isci.2018.08.010](10.1016/j.isci.2018.08.010){#intref0010}.

[^1]: Lead Contact
